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© All fiber in-line optical isolator 



© The present invention is directed at an all-fiber 
in line isolator. The basic isolator includes a single- 
mode optical fiber, a multimode waveguide, a coil or 
other traditional means to generate a magnetic field, 
and a fiber block or other traditional means to couple 
the fiber to the waveguide. In one embodiment, the 
fiber has a core and a cladding, and maintains a 
circular state of light polarization. The fiber has a 
coupling region where the cladding is partially re- 



moved. The waveguide evanescently couples to the 
fiber along the coupling region. The waveguide has 
magneto-optical properties such that applying a 
magnetic field along it causes backward propagating 
light to transfer to the waveguide with minimal distur- 
bance to forward propagating light. Other embodi- 
ments using birefringent optical fibers are disclosed 
as weil. 
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BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The invention relates to an optical fiber device 
for use in communication and sensors. The device 
allows transmission of a light signal through an 
optical fiber in one direction, but prevents its prop- 
agation in opposite direction. 

2. Information Disclosure Statement 

Optical fiber components and sensors have 
become increasingly more important for effectively 
transmitting and processing signals in optical com- 
munication systems and many different optical fi- 
ber devices. Optical fiber systems essentially con- 
sist of at least one light transmitting optical fiber, a 
signal processing or sensor component, and a co- 
herent radiation source ( a laser). One of the most 
important tasks of many optical fiber systems is to 
prevent the light signal from reflecting back to the 
laser source. The properties of a laser can be 
greatly influenced by this undesired signal. This 
probl m is avoided using an isolator in the optical 
fiber circuit to transmit the light in one direction, 
but prevent its propagation in the opposite direc- 
tion. 

A frequently used optical fiber isolator consists 
of a bulk magneto-optical crystal affected by a 
magnetic field. The isolator is placed between two 
appropriately adjusted polarizers and optically con- 
nected between an interrupted optical fiber (see 
e.g., Laser Focus v. 14, No. 11, p. 52 (1978)). The 
use of an isolator in an integrated optical design 
which employs a waveguide is also known. The 
waveguide is produced from a magneto-optical film 
instead of a bulk crystal which reduces the mag- 
nitude of the control fields required (see e.g., US 
Patent No. 4,859,013). 

Although these isolators are effective, they face 
several shortcomings. Traditionally, when using 
isolators of this type, the optical fiber is interrupted 
and the isolator spliced in line using butt-joint con- 
nections. The need to interrupt the optical fiber 
circuit and the optical losses associated with such 
an interruption are the main disadvantage of many 
known optical isolators. Another disadvantage is 
that these isolators are designed for a specific 
wavelength, and it is difficult to change their prop- 
erties quickly when switching to another light 
wavelength. 

All-fiber in-line isolators which employ Faraday 
rotation in a coil fabricated from birefrigent single- 
mode fiber plac d in a magnetic field (see J. 
Lightwav Techn. 

v. 27, p. 56 (1084)) are also burdened with the 
need for xternal polarizers operating at some spe- 



cific wavelength. A new kind of all-fiber in-line 
component based on an evanescent coupling be- 
tween a single-mode fiber and a multimode planer 
waveguide has recently been investigated and 
5 used to design an all-fiber in line wavelength selec- 
tive element and intensity modulator (see Electron- 
ics Lett. v. 28, p. 1364 (1992)). This device, how- 
ever, cannot perform isolation functions. 

w OBJECTS AND SUMMARY OF THE INVENTION 

The present invention is directed at providing a 
new and highly effective tunable all-fiber in line 
optical isolator. One object of the invention is to 

75 perform the isolation function without interrupting 
the optical fiber line. To accomplish this, the device 
evanescently couples the light propagating in a 
polarization maintaining single-mode optical fiber 
with a high refractive index multimode planar or rib 

20 type waveguide. 

It is another object of this invention to provide 
a device which can be quickly tuned to com- 
pensate for varying wavelength of laser light. To 
perform this function, the waveguide comprises a 

25 material which exhibits magneto-optical and possi- 
bly electro-optical properties. A magnetic field is 
generated along the waveguide which alters the 
refractive indices for forward and backward propa- 
gating light. In one particular embodiment, elec- 

30 trades are used to generate an electric field across 
the waveguide to provide for even greater control. 
Therefore, by using these fields, a user can effec- 
tively control the points at which the device isolates 
and transmits. 

35 The above, and other objects, features and 

advantages of the present invitation will become 
apparent from the following description read in 
conjunction with the accompanying drawings. 

40 BRIEF DESCRIPTION OF DRAWINGS 

Fig. 1 shows a schematic of an all-fiber in line 
optical isolator based on the fiber maintaining a 
circular polarization of light 
45 Fig. 2 shows the refractive index distribution in 

the cross section A of the system. 

Fig. 3 shows the intensity of light transmitted 
through the isolator as a function of refractive index 
of the multimode waveguide overlay n 2l its thick- 
50 ness d, and the wavelength X of the light. 

Fig. 4 shows the fiber with a polished cladding 
and the rib multimode waveguide overlay. 

Fig. 5 shows the refractive ind x distribution in 
the case when refractive index /> 3 
55 of the material over the multimode waveguide is 
greater than that of the fiber cladding. 

Fig. 6 shows an embodiment which facilitates 
the transformation of polarization from a linear to a 
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circular state and then back again to a linear state 
using birefringent fibers. 

Fig. 7 shows another embodiment using 
bir fringent fibers. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

Figure ; 1 shows one particular embodiment of 
the present invention . A fiber 1 has a core 13 
having a graded refractive index /?i , and cladding io 
12 having a refractive index of n c) . Fiber 1 guides 
laser light in single mode with a propagation con- 
stant of 0o , and is manufactured to maintain a 
circular state of light polarization. For example, 
fiber 1 maintains a forward circular polarization as 15 
depicted in Figure 1. 

Fiber. ! is held in place by a coupling means 2. 
In this embodiment, coupling means 2 is a special 
fiber block having a V-grove 14 which is shaped to 
provide a large radius bending of the fiber. Using a 20 
fiber block with a V-grove is well known in the art 
of butt-joining two fibers, fabricating all-fiber in line 
polarizers, and using X-type couplers for single- 
mode fibers (see, e.g., J.Dakin & B.CuIshaw, Op- 
tical fiber sensors: Principles and Components (Ar- 25 
tech House, 1988)). It can be fabricated, for exam- 
ple, with the help of silicon V-groove technology. 
The fiber block is polished to produce a polished 
surface 11 and to remove part of cladding 12 form 
fiber 1. By removing this cladding, a coupling re- 30 
gion 15 of length / is formed along fiber 1. The 
thickness of the remaining cladding, i.e., the dis- 
tance between the core/cladding boundary of the 
fiber and polished surface 11. is only a few 
microns. 35 

Cladding of the fiber can also be partially re- 
moved from one side of the fiber without using the 
polishing technique. In one preferred embodiment 
one can employ, for example, a thermal evapora- 
tion process- using, localized heating the cladding 40 
material by a focused beam from CO or CO2 laser, 
whose focus position is controlled either manually 
or automatically. We have found experimentally 
that such a method permits to remove the cladding 
in desired u region of the fiber, to form a groove of 45 
prescribed ? shape. Control of position of the focus 
of the laser 'beam can be perfprmed either man- 
ually s or .using automatic positioner controlled by \ 
computer t in ;.prder to provide the desired shape of 
the groove. This method provides a possibility to so 
remove fiber cladding on much longer distances 
than the fiber polishing technique and a possibility 
to control the shape of the grove and residual 
distance between fiber cor and surface of the 
cladding the most important param ters responsi- ss 
ble for the light coupling between fiber core and a 
waveguide fabricated oil the fiber surface. 



A waveguide 3 overlays the fiber block and 
fiber 1 along the polished surface 11. Waveguide 3 
is a multimode type, possessing magneto-optical 
and possibly, electro-optical properties, and having 
a thickness d, a refractive index r\z greater than n c) 
, and a propagation constant 0 n for its highest 
order mode. A crystal of bismuth silicate is an 
example of a possible waveguide material. 

The refractive index profile of the composite 
system consisting of a waveguide 3 and fiber 1 in 
cross section A of Figure 1 is shown schematically 
in Figure 2 together with propagation constants of 
waveguide 3 and fiber 1. If the propagation con- 
stant jS 0 of fiber 1 is matched to propagation con- 
stant 0 n of waveguide 3 as it is shown is Figure 2r 
(a), then the light transfers from fiber 1 to 
waveguide 3. If however the propagation constants 
are not matched, then ail the light energy remains 
in the fiber. As a result, the intensity, /, of the light 
transmitted by the fiber, shows typical resonance- 
like behavior as a function of the waveguide's re- 
fractive index , its thickness d, and the 
wavelength X of the light (see Figure 3); since the 
mode propagation constant & n is ia function of 
these parameters. Referring to Figure 3; point 2 
indicates an isolating point where all the light en- 
ergy transfers from fiber 1 to waveguide 3. Point 1 
indicates a transfer point where all the light energy 
remains in fiber 1. The device can be tuned to a 
specific transfer or isolating point by either polish- 
ing waveguide 3 to a certain thickness, varying the 
refractive index nz , or varying the wavelength X. 

A magnetic field means 4 generates a mag- 
netic field H about waveguide 3 and coupling re- 
gion 15. In this embodiment, magnetic field means 
is an electrical coil; however, other means are 
possible. Because of the Faraday effect in mag- 
netic field H, the magneto-optical multimode 
waveguide 3 exhibits different magnitudes of re- 
fractive index nz + and ih- for the circularly po- 
larized light propagating in a forward and backward 
direction respectively. The refractive indices n 2 + 
and n 2 - can be varied by the field H such that 
transfer point 1 corresponds to forward propagating 
light, and isolation point 2 corresponds to backward 
propagating light. Therefore, the magneto-optical 
properties of waveguide 3 can be adjusted so that 
the device works as an isolator. The present inven- 
tion can change the direction of light transfer by 
simply changing the direction of the controlling 
magnetic field. 

Tuning the device to an appropriate transmit- 
ting point and isolating point depending on the 
wavelength X can also b conveniently and quickly 
realized by utilizing the electro-optical properties of 
waveguide 3. To this end, in one preferred embodi- 
ment a pair of thin transparent lectrodes 5 and 6 
are embedded in waveguide 3 as shown in Figure 
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1 . An electric field E is produced across waveguide 
3 when a control voltage V is applied across elec- 
trode 5 and 6. Due to the electro-optical effect the 
refractive index changes. 

In the embodiment of Figure 1 f waveguide 3 is 5 
planar, however, other preferred embodiments ex- 
ist. For example, a rib waveguide 41, as shown in 
Figure 4, may be desirable for certain applications. 
Rib waveguide 41 requires less voltage V to gen- 
erate electric field E because of its narrower width. ro 
Furthermore, rib waveguide 41 has a better trans- 
verse field confinement compared to a planar 
waveguide. 

If the refractive index n 3 of a material 16 over 
waveguide 3 is greater than refractive index n ci of 75 
cladding 12 (as shown in Figure 5) due to technical 
reasons, then a grating 17 can be used (as shown 
in Figure 1). Grating 17, located on coupling region 
15, is fabricated to match propagation constant @o 
to propagation constant £ n . Grating 17 may also 20 
be useful if it is desirable to switch one operating 
mode in the multimode waveguide to another in 
order to vary the properties of a particular isolator 
device as shown in Figure 5. 

Fiber maintaining a circular state of polarization 25 
of the light used in this isolator device are well 
known. They can be fabricated, for example, by 
twisting a single-mode fiber in such a way as to 
induce tensions in the fiber which creates a dif- 
ference in propagation constants for modes with 30 
forward and reverse circular polarizations. This pre- 
vents a coupling between these two polarization 
states. In some practical applications, another type 
of polarization maintaining single-mode fiber is 
us d ( namely the birefringent fiber. These fibers 35 
are characterized by an elliptic core or a PANDA- 
type configuration. Such fibers were designed to 
transmit the light with a linear state of polarization. 
The present invention may easily be modified to 
incorporate these fibers. 40 

The modification is shown in Figure 6. Three 
sections from the same birefringent single-mode 
fiber - an input fiber 61, an intermediate fiber 62 
and an output fiber 63 - are butt-joined together 
with the help of V-grobve technology in a coupling 45 
means 64. A birefringent fiber is characterized by 
two orthogonal axis of symmetry corresponding to 
the orthogonal polarization states which are main- 
tained as the light propagates through the fiber. 
Each fiber has a specific relative orientation of its so 
polarization axis of symmetry, and intermediate fi- 
ber 62 has a polarization beat length L. The axis of 
symmetry of intermediate fiber 62 is turned over a 
W4 angl with respect to the axis of symmetry of 
input fiber 61. The axis of symmetry of output fiber 55 
63 is turned over a W2 angle relative the axis of the 
input fiber 61. If length / is chosen to be equal to 
tt/A/S, wh r in A/3 is the difference between the 
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propagation constants corresponding to two ortho- 
gonal states of polarization of the birefringent fiber, 
then intermediate fiber 62 has a circular state of 
polarization in its middle. Parameters of the 
birefringent fiber must be chosen in such a way 
that beat length L is much greater than the length / 
of the coupling region 65 (see Figure 6). 

Another embodiment of the present invention 
also incorporates birefringent fibers, As shown in 
Figure 7, this embodiment employs a coupling 
means 75 ( in this embodiment a fiber block), an 
input fiber 71, an output fiber 72, an intermediate 
region 73, a waveguide 76, a polarizer 74, and 
magnetic field means 90, (in this embodiment a 
coil). Coupling means 75 has a coupling region 81 
which is much longer than in the other embodi- 
ments of the invention (see, e.g., Figure 6). Input 
fiber 71 has a proximate end 86, a distal end 88 
and a length /1 along coupling region 81. Output 
fiber 72 has a proximate end 87, a distal end 89, 
and a length k along coupling region 81. Each 
fiber also has a specific relative orientation of its 
polarization axis of symmetry. The axis of sym- 
metry of input fiber 71 at proximate end 86 is 
perpendicular to the plane of coupling region 81, 
and the axis of output fiber 72 at its proximate end 
87 is turned over a it/4 angle with respect to the 
axis of input fiber 71 at its proximate end 86. 

Intermediate region 73 is between proximate 
end 86 and proximate end 87 and has a length h 
along coupling region 81. Intermediate region 73 is 
filled with an immersion material whose refractive 
index must not be higher then refractive index /? c i 
of the fiber cladding 12. A section of the same fiber 
as 71 and 72 can also be used is intermediate 
region 73. 

/ Because of the Faraday rotation inherent in a 
magnetic -field /V, the polarization of forward propa- 
gating light call be rotated at an angle of -nlA along 
length h in waveguide 76 by choosing the appro- 
priate field strength H, The light is then coupled to 
output fiber 72 along length k . Length fe is much 
greater than /1 orfe 

so that the Faraday rotation at the distances /1 and 
fc may be neglected. The polarization of the back- 
ward propagating light rotates an additional W4 as 
it propagates back through waveguide 76. There- 
fore, the total rotation of the polarization of the 
backward propagating light with respect to the po- 
larization of incoming forward propagating light in 
the region of proximate end 86 becomes -n/2. 

A polarizer 74 is located at the boundary be- 
tween coupling region 81 and waveguide 3 as it is 
shown in Figure 7. Polariz r 74 may be fabricat d 
as a strip of thin metallic film. If the light in input 
fiber 71 is polarized such that the direction of its 
electric field is perpendicular to coupling region 81, 
then after coupling to the high st order mode of 
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waveguide 76, along length A , the fight propagates 
through polarizer 74 with practically no attenuation. 
However, if the polarization of the light is rotated 
over the angle tt/2, then light is attenuated by 
polarizer 74 because its electric field is parallel to 
the plane of polarizer 74. 

The electrodes 77, 78, and 79, 80 may be 
used to control the transfer of light across the 
boundary between waveguide^ 76 and the in- 
put/output fibers electro-optically, and also elec- 
trodes 91 and 92 can be used to support all 
adiabatic regime which avoids abrupt changes of 
mode propagation between different regions of the 
waveguide. Furthermore, a rib waveguide may be 
used as described before. A rib waveguide reduces 
the controlling voltages V\ , . V 2 <« and Vb . and im- 
proves the transverse field confinement in the over- 
lay waveguide, -.-v 

Having described preferred embodiments of 
the invention with reference to the accompanying 
drawings, it is to be understood that the invention 
is not limited to the precise embodiments, and that 
various changes and modifications may be effected 
therein by skilled in the art without departing from 
the scope or spirit of the invention as defined in the 
appended claims. 

Claims 

1. An all-fiber in line isolator for isolating back- 
ward propagating light from forward propagat- 
ing fight, said isolator comprises: 

a. an optical single-mode fiber, said fiber 
has a core having a refractive index ni and 
a cladding having a refractive index n cl , 
said fiber maintains a circular state of light 
polarization; said fiber has a coupling region 

^ wherein said cladding is partially removed: 

b. an optical multimode waveguide, said 
waveguide has parameters including a 
thickness d and a refractive index rh , said 
refractive index rh is grater than said refrac- 
tive index n ci , said waveguide made from 
magneto-optical material that exhibits dif- 

. ferent magnitudes of refractive index rh + 
: and fh - for circularly .polarized light propa- 
gating in forward and, backward directions 
respectively such that applying a magnetic 
field H along said waveguide and said cou- 
pling region facilitates a" transfer of back- 
ward propagating fight from said fiber to 
said waveguide with a minimal disturbance 
to forward propagating light, said param- 
eters are chosen to effect a desired transfer 
point; 

c. coupling means for evanescently cou- 
pling said coupling region to said 
waveguide; and 



d. magnetic field means for applying said 
magnetic field H along said waveguide and 
said coupling region. 

s 2. The device of claim 1 wherein said waveguide 
comprises electro-optical properties such that 
said transfer point depends upon the intensity 
of an electric field E applied across said 
waveguide and coupling region thereby facili- 

io tating tuning of said transfer point; and the 

device further comprises: 

e. electric field means for applying said 
electric field E across said waveguide and 
coupling region 

15 

3. The device of claim 1 further comprising: 

e. a grating, said grating is mounted to said 
coupling region of said fiber, said grating 
matches the propagation constant of back- 
20 ward propagating light in said fiber to the 

propagation constant of backward propagat- 
ing light in said waveguide to effect said 
transfer point. 

25 4. An all-fiber in line isolator for isolating back- 
ward propagating light from forward propagat- 
ing light, said fiber comprises: 

a. at least three birefringent single-mode 
optical fibers, an input fiber, an intermediate 

30 fiber, and an output fiber, each fiber has a 

core having a refractive index /7i and a 
cladding having a refractive index of n ci 
.each fiber maintains a linear state of light 
polarization, said intermediate fiber has a 

35 coupling region of length / wherein said 

cladding is partially removed, said interme- 
diate fiber has a polarization beat length L 
-which significantly exceieds said -length 7 
and is half the length of said intermediate 

40 fiber, each fiber has an orientation of po- 

larization axis of symmetry, said axes of 
symmetry are successively rotated by an 
angle of ir/4 relative to all adjacent fiber 
thereby generating a circular state of light 

45 polarization in said coupling region: 

b. an optical multimode waveguide, said 
waveguide has parameters including a 
thickness cf and a refractive index /fc, said 
refractive index rh is greater than said re- 

50 tractive index n& , said waveguide has mag- 

neto-optical properties such that applying a 
magnetic field H along said waveguide and 
said coupling region facilitates a transfer of 
backward propagating light from said fiber 

55 to said waveguide with a minimal distur- 

bance to forward propagating light, said pa- 
rameters are chosen to effect a desired 
transfer point; 
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c. coupling means for holding said fibers in 
position and for evanescently coupling said 
coupling region to said waveguide; 

and 

d. magnetic field means for applying said s 
magnetic field H along said waveguide and 
said coupling region. 

5. The device of claim 4, wherein said waveguide 
comprises electro-optical properties such that io 
said transfer point depends upon the intensity 

of an electric field E applied across said 
waveguide and coupling region thereby facili- 
tating tuning of said transfer point; and the 
device further comprises: 75 

e. electric field means for applying said 
electric field E across said waveguide and 
coupling region. 

6. The device of claim 4 further comprising: 20 

e. a grating, said grating is mounted to said 
coupling region of said fiber, said grating 
matches the propagation constant of back- 
ward propagating light in said fiber to the 
propagation constant of backward propagat- 25 
ing light in said waveguide to effect said 
transfer point. 

7. All all-fiber in line isolator for isolating back- 
ward propagating light from forward propagat- 30 
ing light, said isolator comprises: 

a. at least two birefringent optical fibers, an 
input fiber and an output fiber, each fiber 
has a distal end, a proximate end, a core, 

and a cladding having a refractive index of 35 
n c{ , each fiber guides light in a linear state 
of polarization, said proximate ends of said 
input and output fibers comprise a coupling 
region along lengths /1 and fe respectively 
wherein said cladding is partially removed, 40 
each fiber has a specific orientation of po- 
larization axis of symmetry, said axis of said 
input fiber is perpendicular to the plane of 
said coupling region, said axis of said out- 
put fiber is turned over the angle of W4 45 
relative to plane of said coupling region and 

over the angle of tt/2 relative to said axis 

of said input fiber; 

b. an optical waveguide, said waveguide 

has magneto-optical properties and param- so 
eters which include a thickness d and a 
refractive index /)2 being greater than said 
refractive index n ci , said parameters are 
chosen to facilitate a transf r of forward 

and backward propagating light from said 55 

fibers to said waveguide. 

c. coupling means for evanescently cou- 
pling said fibers to said waveguide, for sup- 



porting said fibers, and for defining an inter- 
mediate region between said proximate 
ends of said input and output fibers, said 
intermediate region has a length h , said 
length h is much greater than said lengths 
/1 and fe. 

d. an immersion material, said intermediate 
region contains said immersion material, 
said immersion material has a refractive in- 
dex not greater than said refractive index n cl 

e. magnetic field means for applying said 
magnetic field H along said coupling region, 
said magnetic field H rotates the polariza- 
tion of forward propagating light in said in- 
termediate region by an angle of tt/4 relative 
to said coupling region, said magnetic field 
H further rotates the polarization of back- 
ward propagating . light in said intermediate 
region by an additional angle of V/4 for a 
total rotation of tt/2 relative to the light po- 
larization in said input fiber [said coupling 
region; and 

f. a polarizer, said polarizer interfaces be- 
tween said coupling region and said 
waveguide, said polarizer transmits forward 
propagating light having its polarization per- 
pendicular to the plane of said polarizer and 
absorbs backward propagating light having 
its polarization rotated by an angle of W2 
relative to the plane of said polarizer. 

8. The device of claim 7, wherein said waveguide 
comprises electro-optical properties such that 
said transfer point depends upon the intensity 
of an electric field E applied across said 
waveguide and coupling region thereby facili- 
tating tuning of said transfer point; arid the 
device further comprises: 

g. electric field means for applying said 
. electric field E across said waveguide and 

coupling region. 

9. The device of claim 7, wherein said waveguide 
has magneto-optical properties. 

10. The device of claim 13 further comprising: 

g. a grating, said grating is mounted to said 
coupling region of said fibers, said grating 
matches the propagation constant of light in 
said fiber to propagating constant of light in 
said waveguide to effect said transfer point. 
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